The ectoderm of the pre-gastrula Xenopus embryo has previously been shown to be at least partially patterned along the dorsal-ventral axis. The early expression of the anti-neural homeodomain gene Dlx3 is localized to the ventral ectoderm by a mechanism that occurs prior to gastrulation and is independent of the Spemann organizer. The repression of Dlx3 is mediated by signaling though b-catenin, but is probably not dependent on the induction of the Xnr3 or chordin genes by b-catenin. We propose a model in which this early regulation of Dlx3 accounts for the pro-neural bias of dorsal ectoderm. q
Introduction
The dorsal-ventral axis in amphibians is speci®ed, at least in part, by the location of the sperm entry point within the animal hemisphere of the egg. A post-fertilization cortical rotation subsequently relocates maternal dorsal determinants to the future dorsal side of the embryo (Moon and Kimelman, 1998) . Transplantation experiments have demonstrated that a dorsal-determining activity is present in the vegetal pole before cortical rotation (Fujisue et al., 1993; Holowacz and Elinson, 1993) and in dorsal-vegetal blastomeres at the 32-cell stage. The dorsalizing activity is highest in the vegetal-most blastomeres, and interestingly, also exists in lower levels in the equatorial and animal pole cells (Gimlich and Gerhart, 1984; Gimlich, 1986; Kageura, 1990) . Because Spemann's organizer is located within the dorsal mesoderm, most studies on patterning of the dorsal-ventral axis have focused on this germ layer (for review see Moon and Kimelman, 1998) . Dorsal mesoderm invaginates during gastrulation and differentiates into the notochord and somites. Signals from the presumptive notochord, such as chordin and noggin, antagonize bone morphogenetic proteins (BMPs) and consequently induce dorsal ectodermal cells to adopt a neural fate (Piccolo et al., 1996; Zimmerman et al., 1996) . These studies indicate that the dorsal mesoderm induces adjacent ectoderm to form neural tissue, however, this is not the only mechanism that patterns the dorsal ectoderm. Other studies have clearly shown that the early ectoderm appears to be partially differentiated along the dorsal-ventral axis prior to gastrulation. Expression of the epidermal antigen Epi1 in isolated animal hemisphere blastomeres indicates that the ectoderm has an incipient dorso-ventral polarity as early as the eight-cell stage (London et al., 1988) . At the 32-cell stage, it has been shown that cell to cell transfer is more extensive on the dorsal compared to the ventral side of the Xenopus embryo (Guthrie, 1984) . Additionally, activin-treated dorsal ectoderm isolated from early blastula stage embryos forms more dorsal mesoderm than similarly treated ventral ectoderm (Sokol and Melton, 1991) . More recently, it has been shown that the neural plate gene, opl, is expressed in the presumptive neuroectoderm by the onset of gastrulation (Kuo et al., 1998) , which implies that a pre-gastrula dorso-ventral patterning mechanism exists in the Xenopus ectoderm.
The homeodomain protein Dlx3 appears to play a role in the regionalization of early Xenopus anterior ectoderm by selectively inhibiting the expression of genes required for neural plate development (Feledy et al., 1999) . While the exact biochemical nature of the initial dorsal determinants remains elusive, it has been shown that maternal b-catenin is required for dorsal mesoderm development between stages 7 and 9 (Wylie et al., 1996) . Our results indicate that b-catenin also plays a role in patterning dorsal ectoderm by preventing expression of Dlx3 in this region, and consequently imparting a pro-neural bias to the dorsal ectoderm. Thus, the exclusion of the anti-neural factor, Dlx3, from the dorsal ectoderm may facilitate expression of genes required for neural plate development.
Results

Early expression pattern of Dlx3
Dlx3 is an ectodermal homeodomain gene which has been shown to inhibit the expression of certain genes normally activated in the neural plate, posterior to the cement gland domain, in Xenopus laevis. This gene is expressed in the ventral ectoderm and presumptive cement gland region during gastrula stages (Feledy et al., 1999) . Spatial distribution of Dlx3 RNA at the beginning of gastrulation (stage 10.25) was examined by whole-mount in situ hybridization and interestingly, Dlx3 expression was already excluded from most of the dorsal ectoderm at this stage (Fig. 1A) . This is the earliest time at which Dlx3 can be detected by in situ hybridization. Previous work from this laboratory showed that Dlx3 expression is positively regulated by the BMP signaling pathway (Feledy et al., 1999) . Signals secreted from dorsal organizer mesoderm, such as chordin and noggin, antagonize BMP signaling by binding to BMP proteins and preventing association with and activation of BMP receptors (Piccolo et al., 1996; Zimmerman et al., 1996) . Thus, it might be predicted that the organizer could prevent Dlx3 expression in the dorsal ectoderm by antagonizing this pathway. However, this control mechanism is unlikely to play a major role in the initial inhibition of Dlx3 expression, because transcription of the chordin and noggin genes is activated very shortly before the exclusion of Dlx3 expression from dorsal ectoderm can be observed, and the majority of chordin and noggin transcripts are nuclear during early gastrulation and presumably not available for translation (Smith and Harland, 1992; Sasai et al., 1994) . Furthermore, Dlx3 is relatively refractory to inhibition by antagonists of BMP signaling (Feledy et al., 1999) , making it less likely that suf®cient levels of chordin or noggin are available to account for the absence of Dlx3 expression in dorsal ectoderm at stage 10.25.
These arguments suggested the possibility that the initial expression of Dlx3, like other features of the ectoderm in Xenopus, might be regulated by a mechanism that is independent of the organizer. To test this hypothesis, we used an approach similar to that employed in earlier studies. Northern blot analysis was performed on animal caps that were dissected into ventral and dorsal halves between stages 7 and 8 and cultured in 0.3 £ MMR until sibling embryos reached stage 11.5. Total RNA was isolated and analyzed by Northern blot, and the results are shown in Fig. 1B . Dlx3 expression is reduced signi®cantly (34%) in dorsal caps when compared to Dlx3 expression in the ventral caps, whereas expression levels for the ubiquitous control L1 ribosomal protein gene (Loreni et al., 1985) were identical for both samples. Mesoderm was not present in these explants, as shown by the lack of hybridization to the Xbra probe. This experiment was performed twice with similar results. Therefore, the ventral bias of Dlx3 expression is at least partially independent of mesodermallyderived signals, in agreement with previous studies demonstrating a mesoderm-independent, dorsal-ventral bias in pregastrula animal caps (London et al., 1988; Sokol and Melton, 1991) .
LiCl treatment represses expression of Dlx3 in the ectoderm
The formation of the dorsal-ventral axis in Xenopus embryos can be experimentally manipulated. Ventralized, axis-de®cient embryos can be generated by irradiating the vegetal hemispheres of Xenopus embryos with ultraviolet (UV) light approximately 30 min after fertilization (Grant and Wacaster, 1972; Malacinski et al., 1975) . Conversely, embryos with enhanced dorso-anterior structures can be generated by exposing embryos to LiCl during the 32±64-cell stage (Kao et al., 1986) . Both procedures alter the development of the dorsal organizer mesoderm. UV irradiation prevents the post-fertilization cortical rotation, which prevents proper localization of dorsal mesodermal determinants, and consequently, a notochord fails to develop (Fujisue et al., 1993; Holowacz and Elinson, 1993) . LiCl treatment of embryos causes most or all of the mesodermal cells to adopt a dorsal fate, leading a majority of the mesoderm to develop as notochord (Kao and Elinson, 1988) . Because dorsal mesoderm is essential for induction of the prospective central nervous system (CNS), the main dorsal ectodermal derivative (Spemann and Mangold, 1924) , both UV irradiation and LiCl treatments have secondary effects on ectodermal and CNS development. To determine if these treatments also affect the ectoderm, in a manner independent of the mesoderm, gene expression in animal caps from UV-irradiated and LiCl-treated embryos was analyzed.
Embryos were UV-irradiated or treated with LiCl, and animal caps were isolated between stages 7 and 8. As diagramed in Fig. 2A , animal caps and the resulting carcasses, the regions of embryos which were left after removal of the animal caps, were cultured until sibling embryos reached stage 11. Note that the carcasses contain ectoderm, mesoderm and endoderm. Total RNA was isolated and analyzed by Northern blot. These data are shown in Fig. 2B .
Hybridization with the mesodermal genes Xbra (Smith et al., 1991) and Goosecoid (Gsc) demonstrate the absence of mesoderm in the animal caps. Additionally, the hybridization results in the carcass lanes show that the treatments were effective. Goosecoid, a dorsal mesodermal gene (Cho et al., 1991) , is suppressed in the carcasses from UV-irradiated embryos and induced in the carcasses from LiCl-treated embryos. Hybridization with chordin (Chd) con®rms the absence of this molecule in both the animal caps and in the carcasses from UV-irradiated embryos. The results of the chordin hybridization to the carcass samples provides additional evidence that the UV irradiation was effective.
Hybridization with the ectodermal gene Dlx3, and the pre-pattern genes Zic3 and Zic-r1, which are among the ®rst expressed in the neural plate (Nakata et al., 1997; Mizuseki et al., 1998) , indicated that the expression of these ectodermal genes is affected by these two different manipulations. Dlx3 is induced in both animal caps and carcasses from UV-irradiated embryos and is completely repressed in both animal caps and carcasses from LiCl-treated embryos. Zic3 and Zic-r1 displayed the opposite pattern in LiCl-treated embryos, i.e. both were induced. UV irradiation repressed Zic3 and Zic-r1 in the carcass samples but had little effect on the expression in animal caps.
In summary, the hybridization results obtained with the carcass samples con®rm earlier studies which showed the secondary effects of mesodermal manipulation on ectodermal gene expression and patterning. The hybridization results obtained with the animal cap samples revealed that gene expression in the early ectoderm can be altered by UV irradiation and LiCl treatment. Furthermore, the observation that LiCl treatment repressed expression of Dlx3 in the ectoderm indicated that a gene, whose expression pattern is altered in LiCl-treated embryos, might be involved in excluding Dlx3 expression from the early dorsal ectoderm of a normal embryo. (B), and the regions of the embryos which were left after removal of the animal caps, identi®ed as Carcass in (B), were cultured in 0.3£ MMR until sibling embryos reached stage 11. Note that the carcasses contain ectoderm, mesoderm and endoderm. Total RNA was isolated from the animal caps and carcasses and analyzed by Northern blot. Animal caps and carcasses from untreated embryos served as controls (CON). (B) Expression of mesodermal and ectodermal genes in animal caps and carcasses. Xbra is a mesodermal marker; Goosecoid (Gsc) is a dorsal mesodermal marker; Chordin (Chd) is a signaling molecule secreted from organizer mesodermal cells. Dlx3 is an ectodermal gene expressed in the presumptive epidermis and anterior neural plate; Zic3 and Zic-r1 are expressed in the neural plate; L1 is a ribosomal large subunit protein (Loreni et al., 1985) and was a control for RNA integrity. Ethidium bromide staining of the 18 S rRNA region of the gel served as a loading control. All lanes were loaded with 0.75 mg RNA.
The LiCl effect on ectodermal gene expression is transient
We were interested in determining if the early gene expression in animal caps isolated from LiCl-treated embryos was stably maintained in animal caps. Animal caps were isolated from LiCl-treated embryos between stages 7 and 8 and allowed to develop until sibling embryos reached stage 11.5 or stage 18. Total RNA was isolated and analyzed by Northern blot. These results are shown in Fig.  3 .
Hybridization with chordin shows that it is not induced in the animal caps from LiCl-treated embryos. This result, along with the absence of chordin expression in Fig. 2 , demonstrates that the induction of the neural pre-pattern genes, Zic3 and Zic-r1, does not appear to be dependent on expression of the chordin gene. It has been shown in previous studies that LiCl treatment alters the expression patterns of the organizer genes, Noggin and Xnr3, a member of the TGFb superfamily (Smith and Harland, 1992; Smith et al., 1995) . We examined the expression of these two genes in animal caps from LiCl-treated embryos. Noggin expression is not induced, however, LiCl treatment does activate Xnr3 expression. This is in agreement with previous work which showed that in whole embryos LiCl treatment induces ectopic expression of Xnr3 in the animal pole region and prolongs expression of this gene until stage 13. Normally, Xnr3 is expressed in the epithelial layer of the organizer during stages 9±11 (Smith et al., 1995) . Other studies have shown that Xnr3 induces neural tissue (Hansen et al., 1997) , and it is likely that the expression of the neural genes Zic3 and Zic-r1 that we observe in animal caps from LiCl-treated embryos is induced by the ectopic Xnr3 present in these caps.
All of these effects are transient, however. Hybridization with Dlx3 shows it is repressed at stage 11.5, but strongly expressed in stage 18 animal caps isolated from LiCl-treated embryos. As seen in the previous LiCl treatment experiment, Zic3 and Zic-r1 displayed the opposite expression pattern. Both genes are induced at stage 11.5, but are no longer expressed by the time the animal caps reach stage 18. Taken together these results indicate that the LiCl-induced effects on gene expression in isolated animal caps do not result in stable alterations in speci®cation.
Dlx3 represses genes induced by LiCl treatment and bcatenin overexpression
Previous work from this laboratory showed that Dlx3 is expressed in the anterior neural plate and inhibits expression of genes thought to be important for the development of the CNS (Feledy et al., 1999) ; Zic3 and Zic-r1 are two of these genes. We wanted to determine if Dlx3 could inhibit Zic3 and Zic-r1 expression when they are induced by the LiClmediated mechanism. To address this, control embryos and embryos injected at the one-cell stage with Dlx3 RNA were treated with LiCl at the 32-cell stage. Animal caps were isolated between stages 7 and 8 and cultured until sibling embryos reached stage 11.5. Animal caps from non-LiCl treated embryos (UI) served as controls. Total RNA was isolated and analyzed by Northern blot, and the results are shown in Fig. 4 .
As was seen in the previous LiCl treatment experiment, chordin is not expressed in any of the animal cap samples, while Xnr3 is transcribed in animal caps from LiCl-treated embryos. Xnr3 expression is not seen in the W11.5 sample, in this or subsequent ®gures, because in normal development transcription of this gene has been inactivated by this stage. Also, as was observed in previous experiments, Dlx3 expression was completely repressed at this stage by the LiCl-induced mechanism. Note that the Dlx3 hybridization lane for the sample from Dlx3-injected embryos was left out of the ®gure because hybridization with the injected Dlx3 RNA overexposed the ®lm in these regions. Hybridization with Zic3 and Zic-r1 showed that both genes were induced by the LiCl treatment and that both genes are repressed to control (UI) levels in the Dlx3-injected, LiCl-treated embryos. The autoradiograms for these results were deliberately overexposed to show the inhibition of expression and consequently there appears to be a high level of Zicr1 in the control animal caps. Shorter exposures showed Zicr1 expression levels comparable to control animal caps in Figs. 2 and 3. It is also interesting to note that Dlx3 prevents the expression of ectopic Xnr3. These results demonstrate that Dlx3 can inhibit LiCl-mediated induction of Zic3 and Zic-r1, perhaps by preventing Xnr3 expression, and support the conclusion that localized Dlx3 expression can inhibit early expression of neural genes, and consequently, may play a role in establishing the pre-gastrula bias of Xenopus ectoderm.
Inhibition of Dlx3 expression by b-catenin
Recent results indicate that b-catenin, a component of the Wnt signaling pathway, functions as an important dorsal determinant in Xenopus embryos (for review see Moon and Kimelman, 1998) . Because LiCl treatment has been shown to both stabilize b-catenin protein in Xenopus embryos and expand the domain of b-catenin protein accumulation to the ventral side of the embryo (Hedgepeth et al., 1997; Larabell et al., 1997) , we tested whether b-catenin could mediate the effects we observed in LiCl-treated embryos. Embryos were injected with b-catenin RNA (Funayama et al., 1995) or both b-catenin and Dlx3 RNAs. Animal caps were isolated between stages 7 and 8 and cultured until sibling embryos reached stage 12. Total RNA was isolated and analyzed by Northern blot. These results are shown in Fig. 5 .
Siamois is a homeodomain gene which is strongly expressed in dorsal-vegetal cells during stages 9 and 10 and has the ability to induce a complete secondary axis (Lemaire et al., 1995) . Previous work has shown that Siamois is a target of Wnt signaling, that b-catenin induces expression of Siamois in animal caps and that Siamois induces expression of Xnr3 (Brannon and Kimelman, 1996; Carnac et al., 1996) . In agreement with these previous results, Siamois expression is strongly induced in animal (Funayama et al., 1995) alone or with 120 pg Dlx3 RNA. Animal caps were isolated between stages 7 and 8 and cultured until sibling embryos reached stage 12. Total RNA was isolated and analyzed by Northern blot. Animal caps from uninjected embryos served as controls (UI). Samples were hybridized with Siamois, Xnr3, Chordin, Noggin, Dlx3, Zic3, Zic-r1 and L1 probe fragments. Descriptions of hybridization probes and loading controls are found in Figs. 2±4. All lanes were loaded with 0.6 mg of RNA. b-Catenin inhibits expression of Dlx3, and induces expression of Siamois, Xnr3, Noggin, Zic3 and Zic-r1. caps isolated from b-catenin-injected embryos. In addition, as was seen in animal caps from LiCl-treated embryos, ectodermal expression of Xnr3 is also induced by b-catenin.
Hybridization with a chordin probe demonstrates the absence of this RNA in the animal caps. This result agrees with previous data showing that injection of b-catenin RNA does not convert animal caps into mesoderm (Wylie et al., 1996) . Noggin is slightly induced in animal caps isolated from b-catenin-injected embryos. As was observed in animal caps from LiCl-treated embryos, b-catenin prevented the expression of Dlx3 and induced the expression of Zic3 and Zic-r1. Additionally, as was seen in animal caps from LiCl-treated embryos, Dlx3 can inhibit Xnr3, Zic3 and Zic-r1 expression that is induced by b-catenin. Note that the Dlx3 hybridization lane for the sample from Dlx3-injected embryos was left out of the ®gure because hybridization with the injected Dlx3 RNA overexposed the ®lm in these regions. These results show that b-catenin, like LiCl, can induce expression of Xnr3 and neural genes in ectoderm and that Dlx3 inhibits the expression of these genes. The b-catenin effect on ectodermal gene expression appeared somewhat more persistent than LiCl treatment; Zic3 and Zic-r1 RNAs remained elevated at stage 18, although Dlx3 repression was no longer complete (data not shown).
Role of Siamois in repression of Dlx3 by b -catenin
Because Siamois and Xnr3 are ectopically activated in ectoderm by b-catenin overexpression, one possibility might be that these molecules mediate the repression of Dlx3 by b-catenin. In fact, as shown in Fig. 6 , overexpression of Siamois does inhibit expression of both Dlx3 and BMP4, as well as inducing neural gene transcription (Zic3, Zic-r1). The existence of a Siamois-induced mechanism that represses BMP-4, via an Xnr3 and chordin-independent pathway, has also been suggested by earlier data (Carnac et al., 1996) . However, the repression of Dlx3 by b-catenin is probably not completely dependent upon Siamois function. This was shown by co-injection of b-catenin and Siamois-engrailed repressor (Siam-enR), which has been demonstrated to function as a dominant negative form of the Siamois polypeptide (Fan and Sokol, 1997; Kessler, 1997) . This prevented b-catenin from activating Xnr3 and the neural marker genes, con®rming the effectiveness of Siam-enR in this experiment, but did not affect the inhibition of Dlx3 by b-catenin. Injection of Siam-enR RNA alone repressed Dlx3 expression partially, but this effect was less complete than that obtained with b-catenin alone, so the absence of Dlx3 signal from caps injected with both factors cannot be entirely attributed to Siam-enR. In summary, while Siamois can repress expression of Dlx3 in the ectoderm, the results from the injections with SiamenR RNA indicate that there may be a Siamois-independent component of this repression. These data also indicate that b-catenin may repress Dlx3 expression indirectly by inhibiting expression of the BMP-4 gene.
Discussion
While it is well-established that the Spemann organizer is capable of inducing the ventral ectoderm of an amphibian embryo to form a complete secondary axis, it is equally clear that in the pre-gastrula Xenopus embryo, this ventral ectoderm is not equivalent to ectoderm on the dorsal side. This is apparent even by simple visual inspection of the animal hemisphere of early cleavage stage embryos, where the dorsal blastomeres are smaller and lighter than those on the ventral side. There is also considerable evidence suggesting that on the dorsal side, ectoderm is predisposed to become neural, compared to ventral ectoderm which is fated as epidermis (London et al., 1988; Fig. 6 . b-Catenin repression of Dlx3 expression is not dependent on Siamois function. Embryos were injected with 3 ng b-catenin RNA, 100 pg Siamois RNA, 3 ng b-catenin in combination with 100 pg of Siamoisengrailed (Siam-enR) RNA or 100 pg Siam-enR alone. Siam-enR encodes a dominant negative form of the Siamois polypeptide. Animal caps were isolated between stages 7 and 8 and cultured until sibling embryos reached stage 12. Total RNA was isolated and analyzed by Northern blot. Animal caps from uninjected embryos served as controls (UI). Samples were hybridized with Siamois, Xnr3, Chordin, BMP-4, Dlx3, Zic3, Zic-r1 and L1 probes. BMP-4 is a TGFb-related signaling molecule secreted from ventral ectodermal and mesodermal cells (Sasai et al., 1995) . Descriptions of other hybridization probes and loading controls are found in Figs. 2±4. All lanes were loaded with 0.6 mg of RNA. b-Catenin represses BMP-4 and Dlx3. Siamois-enR prevents the induction of Xnr3, Zic3 and Zic-r1 by b-catenin but does not interfere with b-catenin's repression of Dlx3. Sokol and Melton, 1991; Kuo et al., 1998) . As shown in Fig.  1A , Dlx3 expression is excluded from the dorsal ectoderm during the early gastrula stage, and the dissection data shown in Fig. 1B support the conclusion that this pattern is at least partially independent of in¯uences from the organizer. In this experiment, Dlx3 expression was not completely absent in the dorsal half-explants. This result is not unexpected, since the explants are pooled from many embryos, the axial speci®cation by rotation is not perfect, and the dorsal explants are likely to be larger than the Dlx3-negative region of the embryo. Northern blot analysis is highly quantitative, and the L1 ribosomal protein control signals were identical for dorsal and ventral samples, so the differential in Dlx3 expression is signi®cant.
UV irradiation, LiCl treatment and b-catenin overexpression, which have been used extensively to manipulate mechanisms that specify dorsal-ventral axis formation in Xenopus (for a review see Heasman, 1997) , induced (UV) or repressed (LiCl, b-catenin) Dlx3 expression. Dorsalization of ectoderm by LiCl and b-catenin also results in activation of neural gene expression by an arti®cially induced Siamois-Xnr3 pathway. This neuralization, like that which occurs in dorsal ectoderm during gastrulation (Feledy et al., 1999) , is blocked by co-expression of Dlx3. The experiment with Siam-enR (Fig. 6) suggests that the repression of Dlx3 by b-catenin is at least partially independent of the ectopic activation of Siamois or Xnr3.
As outlined in Fig. 7 , we propose that the establishment of the dorso-ventral axis in Xenopus, which occurs during the ®rst cell cycle and requires an enrichment of b-catenin in prospective dorsal cells (Wylie et al., 1996; Larabell et al., 1997) , leads to the repression of Dlx3 in the most dorsal ectoderm, prior to the formation of the Spemann organizer. This inhibition could be mediated by repression of BMP-4 expression, but could also be direct. Injection experiments in which b-catenin and BMP-4 are co-injected indicate that the repression of Dlx3 by b-catenin is at least partially dependent on inhibition of BMP-4 expression (data not shown). Since Dlx3 is an inhibitor of neural gene expression (Feledy et al., 1999) , this repression could account for the propensity of dorsal ectoderm to respond to neural inducers, and the tendency of ventral ectoderm to express epidermal markers (London et al., 1988) . This model is compatible with the observation that ventral ectoderm can be induced to become neural by organizer transplants, or equivalent procedures which would repress expression of Dlx3, and also predicts that neural induction will take place more readily with dorsal versus ventral ectoderm, which is what has been observed.
Why Xenopus would have evolved such a predisposition mechanism is a matter for speculation. One possibility is that pro-neural bias of the dorsal ectoderm provides an additional assurance that a single dorso-anterior axis will form in the ectoderm of an undisturbed embryo. Another question concerns the relationship between the effects of LiCl and bcatenin. In the experiments presented here, the two treatments are almost equivalent, and it has been suggested that LiCl may act, at least in part, by inhibiting glycogen synthase kinase-3 (GSK-3) (Klein and Melton, 1996; Stambolic et al., 1996; Hedgepeth et al., 1997) , which functions in vivo to destabilize b-catenin in response to Wnt signaling (Larabell et al., 1997) . Our data are consistent with this interpretation, but do not rule out the possibility that LiCl might have effects that can not be explained by the GSK-3 inhibition model. In fact we have obtained preliminary results with another anti-neural factor, Msx1, that suggest this might be the case (M.J.B., unpublished data). In conclusion, the results presented in this paper indicate that the proneural disposition of Xenopus dorsal ectoderm can be explained by a negative control of the homeodomain gene Dlx3, mediated by b-catenin, that results in the restriction of this anti-neural factor to ventral ectoderm.
Experimental procedures
4.1. Preparation, staging and marking of embryos Xenopus laevis eggs were collected, fertilized, dejellied with 2% cysteine (pH 7.8), and maintained in dechlorinated water until they were irradiated with UV light, treated with LiCl or injected with synthetic RNA. Embryos were staged according to Nieuwkoop and Faber (1967) . The future dorsal side of embryos was marked by placing dejellied embryos on a nytex grid immersed in 5% Ficoll 400/50% Sorensen's buffer (0.4 mM NaH 2 PO 4 , 4.6 mM Na 2 HPO 4 )/ 50% 0.3£ MMR, rotating the animal hemisphere 908 downward by stage 0.4 of ®rst cell cycle, and marking the uppermost side with Nile Blue precipitate. The embryos were returned to the normal, animal-hemisphere up position between 0.9 and completion of the ®rst cell cycle. The Nile Blue precipitate was prepared by repeatedly mixing a drop of 500 mM Na 2 CO 3 into a drop of 10% Nile Blue and collecting the precipitate on the end of a toothpick. The precipitate was allowed to dry on the toothpick and stored at room temperature. When the embryos were to be marked, the precipitate was scraped onto the tip of a 30-gauge needle Fig. 7 . Model for the pro-neural bias of dorsal ectoderm. In the embryonic dorsal ectoderm, b-catenin inhibits expression of Dlx3. This repression can occur through ectopic induction of Siamois and Xnr3 in ectoderm, but also can be mediated by a mechanism independent of these factors, by either repressing BMP-4 expression or via a non-BMP-4 mechanism. Dlx3 inhibits expression of Xnr3 and neural genes, such as Zic3 and Zic-r1, and so the net effect of b-catenin stabilization is to confer a pro-neural bias upon dorsal ectoderm, by exclusion of Dlx3. and applied to the future dorsal side of the embryo by gently touching the tip to the embryo for a few seconds.
In situ hybridization
In situ hybridization with digoxygenin-labeled anti-sense probe for Xenopus Dlx3 was performed as previously described (Feledy et al., 1999) . Hybridization was detected using BM-Purple (Boehringer-Mannheim, Indianapolis, IN).
Constructs
The following constructs were used to generate synthetic RNAs for microinjection: pCS2 1 T7/SP6-Dlx3 was linearized with Asp718 (Feledy et al., 1999) ; sp36T-b-catenin was linearized with EcoRI (Funayama et al., 1995) and transcribed in vitro with SP6 polymerase using a mMessage Machine Kit according to the manufacturer's instructions (Ambion, Austin, TX). pBluescript RN3/Siamois and pBluescript RN3/Siamois-engrailed were linearized with S®I and transcribed with T3 polymerase using a mMessage Machine Kit as above. RNA concentrations were determined spectrophotometrically and RNA size and concentrations were con®rmed by ethidium bromide staining of methyl-mercury hydroxide gels (Bailey and Davidson, 1976) .
Microinjection, isolation of animal caps, and RNA analysis
The following total RNA amounts were used in animal cap injection experiments: Dlx3, 120 pg; b-catenin, 3 ng; Siamois-engrailed, 100 pg; Siamois, 100 pg. One-half of each total amount was injected into each of two sites in the animal hemisphere of the one-cell embryo. Following injection, the embryos were cultured in 3% Ficoll/1£ MMR (Feledy et al., 1999) until animal caps were isolated. Embryos were transferred to 0.3£ MMR for dissection of animal caps. Approximately 2/3 of the pigmented ectoderm was dissected from stage 7±8 embryos. It is important to note that animal caps dissected from embryos injected with b-catenin were cut smaller than other animal caps; these animal caps contained only 1/2 of the uppermost region of the pigmented ectoderm. This adjustment was necessary because normal-sized animal caps from these embryos, which contained approximately 2/3 of the pigmented ectoderm, also contained signi®cant organizer tissue as indicated by high levels of chordin RNA (data not shown). This result suggests that injection of b-catenin expands the organizer mesodermal region both circumferentially and towards the animal pole. For isolation of dorsal and ventral halves of an animal cap, the dorsal half (from marked side; see above) was removed ®rst from the embryo and then the ventral half was removed, avoiding tissue that was immediately adjacent to the marginal zone. Each explant represented approximately 25% of the pigmented ectoderm. Animal caps were then cultured in 0.3 £ MMR with 50 mg/ml gentamicin (Sigma) until the appropriate stage and then processed for RNA. RNA isolation, methyl-mercury hydroxide gel electrophoresis and Northern blot analysis were performed as previously described (Sargent et al., 1986) . 4.5. Embryo manipulation 4.5.1. UV treatment Dejellied embryos, cultured in dechlorinated water, were irradiated 25±30 min after fertilization for 77 s with a UVG-11 lamp (UV-Products, San Gabriel, CA).
LiCl treatment
Dejellied non-injected embryos were cultured in dechlorinated water until the 32-cell stage, washed brie¯y with 0.3£ MMR, transferred to 0.3 M LiCl in 0.3£ MMR for 12 min, then washed 10 times with 0.3£ MMR. Embryos were subsequently washed every 30 min until animal caps were isolated. Injected embryos were cultured in 3% Ficoll/ 1£ MMR until the 32-cell stage, washed twice, brie¯y, in 0.3£ MMR and subsequently treated the same as noninjected embryos.
